Toxicity
Introduction
Millions of doses of gadolinium-based contrast agents (GBCAs) are annually administered worldwide for diagnosis, staging evaluation, and follow-up of several diseases [1 ,2] . GBCAs are a staple in clinical radiology. Nevertheless, important unexpected pathological potential of these drugs was recognized after their approval in the clinical practice [3] and led to the first regulatory updates in 2007 [4] . More recently, new concern has emerged [5] [6] [7] [8] . Unquestionable retention of gadolinium species in human body has been demonstrated Acknowledgments: Thanks to Laura Bianchi, Giuseppe Zanotti and Nazareno Paolocci for their support and encouragement in the making of this contribution and for their helpful suggestions.
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in pathological and healthy tissue [9] [10] [11] [12] [13] [14] . The long-standing hyperintense appearance of the dentate nucleus (DN) of the cerebellum in noncontrast-enhanced magnetic resonance T1-weighted images and associated gadolinium deposits in the brain parenchima [12] are a major theme of debate among the community of neuro-radiologists [5 ,15-18 ] . In 2016, some initial data were published reporting symptoms, adverse reactions, and long-term consequences advocating incomplete excretion following GBCA administrations in patients with normal renal function [19] [20] [21] [22] [23] . Recognizing signs and symptoms of gadolinium toxicity in humans and understanding if deposition is causally associated with short-or long- manifestations of disease is of enormous relevance from a global human health perspective and mandatory in the oath to first do no harm . In this report, we present clinical and radiological findings of a fibromyalgia (FM) patient with an history of brain-cancer presenting signs and symptoms of gadolinium toxicity following repeated administrations of a macrocyclic contrast agent, Gadovist. We discuss the case that supports the hypothesis of a causal relationship linking gadolinium deposition to a clinical manifestation of disease, namely fibromyalgia.
Case report
A 30-year-old woman presented to the neurological unit with a 4-month history of 5 episodes of migraine with aura and vomiting followed by days of severe fatigue. Computed tomography of the brain and soon after contrast-enhanced (CE) magnetic resonance imaging (MRI) revealed a cerebral mass consistent with a high-grade tumour (I in Fig. 1 A, day 0 in Fig. 1 B) . She underwent surgery for resection, and histology revealed anaplastic astrocytoma III grade. The patient was treated with radiation therapy with a 2-cm margin for a total of 60 Gy (days 61-104) followed by 12 cycles of temozolamide. Both treatments were well tolerated. 3D conformed radiant procedure was performed by image-guided radiation therapy and positioning control with cone beam computed tomography. The patient did not receive any further therapy for her cancer. She continued to be followed closely with periodic scans ( Fig. 1 B and Starting a few weeks after the second GBCA administration, the patient presented with symptoms of bone pain in the lumbar region (initially advocated bed rest during recovery after surgery) (S1 in Fig. 1 B and Table 1 ), followed by restless legs within few months, morning stiffness, severe leg and foot cramps, and "pins and needle" in foot (S2). Over the course of the subsequent year, severe lower backaches and hip pain forced the patient to bed rest (S3). Non-CE MRI and X-ray scans revealed a lumbar disk-hernia, but no other abnormalities or lesion have been found (L1). Some months later, anterior chest pain and tachycardia led to emergency unit access without relevant cardiac abnormalities (S4). The patient presented the recurrence of severe lumbar pain and a marked progressive increase of morning stiffness (S5). A second lumbar MRI revealed no disease progression able to explain the symptoms (L2). Some months later, exacerbation of lumbar aches and stiffness once more forced the patient to bed up to experiencing insomnia for the excruciating bone pain (S6). Antiinflammatory pain killers were ineffective. Oral gabapentin administration had a mild effect. A few months later, the patient presented a flare-up of pain symptoms and lumbar stiffness (S7). Afterwards, the onset of pain at the right shoulder and trapezium occurred: pain was described similar to that persisting in the lower back and hips. Cold and humidity have been reported to markedly worse the symptoms. A few days after, stiffness presented at the cervical site, and aches occurred at knees similar to the hips. Chest pain and tachycardia (S8), non-restorative sleep and fatigue unrelieved by rest closely onset. Precipitation of patient's conditions occurred when pain and stiffness forced the patient to bed suffering exacerbating pain described as originating deep in the bone and muscles and triggered by any attempt of locomotor action for several hours (S9). Intriguingly, passive movements guided by another person have been reported to provoke much less pain than voluntary movements. A few days after, for the first time in her history, the patient had manifest depressive symptoms. The clinical symptomatology was considered suggestive of fibromyalgia (FM). She was referred to the rheumatology unit. The clinical history was deemed consistent with FM by a first rheumatology specialist, and, on physical examination, trigger point sensitivity was assessed positively. To finally confirm the FM diagnosis and exclude other rheumatic pathologies, laboratory tests and MRI of the pelvis were required. The laboratory results came back all negative, namely, anti-nuclear antibodies, anti-nDNA antibodies research, anti-cyclic citrullinated peptide antibodies, anti-ENA antibodies, and rheumatoid factor were all in the normal range as well as erythrocyte sedimentation rate, C-reactive protein, creatine kinase, and complete blood count. The MRI of the pelvis (L3) excluded spondilo-arthritis. In the meanwhile, scheduled brain CE-MRI lacked to present tumour recurrence and evidence able to explain the worsening of symptoms. On physical examination by a second rheumatology specialist, trigger point sensitivity was once more assessed reporting positivity 14/18 and main symptoms of widespread chronic pain for longer than three months, morning stiffness, unrefreshing sleep, depres- sion, hypersensitivity to cold and "fibro-fog". The FM diagnosis was thus confirmed based on the 2010/2011 criteria [24 ,25] that emphasized the importance of associated symptoms along with widespread chronic pain and crystallized FM as a multisymptom and systemic disorder. The patient also satisfied the American College of Rheumatology 1990 classification criteria for FM [26] that persist in the clinical practice to support the diagnosis and require tender point sensitivity ( ≥11/18). Some months after the FM diagnosis, a scheduled CE-MRI for tumour follow-up was performed (XV, day 1959) without evidence of disease recurrence. A few days later, the patient presented worsening of symptoms in particular related to osteoarticular pain, tiredness, depressed mood, mental confusion, "pins and needle", calf and feet cramps, prickling sensation in the bottom of the eyes, increasing unexplained fatigue unrelieved by rest and increased parestesia in the right feet and the right lower leg. Since then, she denied the consent for GBCA administration. Since non-CE scans have been considered insufficient for a proper evaluation of a III grade astrocytoma follow-up, no other MRI brain scans have been performed. The temporal correlation among symptoms worsening and the last MRI led to conjecture a role for MRI diagnostic. The debate and emerging concern on the safety of GBCAs and their restrictions and suspensions in Europe [7] led to hypothesize a causal role for the agents. The case was reviewed in light of new knowledge and awareness. Non-CE T1-weighted MR images of the posterior fossa a the level of dentate nucleus of the cerebellum are reported in Figure 2 . Image contrast enhancement by the ImageJ process tool † (A,B,C,D in Fig. 2 ) allows easier visual detection of the structures abnormally hyperintense respect to the adjacent tissue. Mild eye-visually appreciable signal enhancement can be observed in the dentate nucleus, comparing images among the first (a and A in Fig. 2 ) and the sixth examinations (b and B in Fig. 2 ) . Instead, the fourteenth scan (c and C in Fig. 2 ) shows no visually appreciable signal enhancement and fifteenth scan (d and D in Fig. 2 ) shows only minimal almost non eye-visually appreciable signal enhancement in the DN comparing to the adjacent regions of the cerebellum, despite a higher signal in the central and upper region than in the pons and lower lateral cerebellar hemispheres can be noted (d in Fig. 2 ) . However, a quantitative analysis reveals subtle intensity differences and a linear relationship among DN-topons ratio signal enhancement versus the number of administrations (R 2 = 0.956, by linear fit of Microsoft Excel software, numerical data reported on caption of Fig. 2 , plot not shown). Thus, reduced visually appreciable hyperintense signal in the DN among the sixth and the subsequent scans in our data is a sign of more homogeneous deposition throughout the posterior fossa reasonably involving the surrounding cerebellar cortex. The patient received macrocyclic non-ionic contrast agent Gadovist (ie, gadobutrol, 1.0 mmol/ml; Bayer Healthcare, Berlin, Germany) at dose of 0.125 mmol/Kg. The exact amount of total administered agent cannot be accessed because nor the weight nor the administered dose are routinely reported. A rough estimation for the range of patient's bodyweight of 56-64 Kg is a dose of 7 to 8 ml of Gadovist 1.0 mmol/ml at single administration, for a total of 105 to 120 ml.
Discussion
Different topics are entangled in this case and involve specific knowledge (ie; fibromyalgia, biochemistry of lanthanides, gadolinium toxicity, gadolinium deposition) often not cooccurrent in the growing specialization and compartmentalization of the medical knowledge. This patient presents a typical case of fibromyalgia syndrome [27 ,28] . At the same time, this case represents an example of the mimetic nature of signs and symptoms associated with gadolinium deposition and the difficulties of their recognition in the complexity of a clinical case. Multiple factors may confound, if unaware of the uncountable pathologic interferences of the gadolinium ion in human physiology.
Visually appreciable T1-shortening is just the handier clue to unravel gadolinium deposited in the brain parenchima in a number of cases: the presence of homogeneous deposition leads to even quantitatively undetectable signal enhancement among adjacent regions. Roberts and colleagues [29] presented a significative example supporting this point. They report a case of heavy deposition of gadolinium within the DN and throughout the cerebellar cortex demonstrated by laser ablation-inductively coupled plasma mass spectrometry (ICP-MS), despite the lack of T1-weighted hyperintensity within the DN on MRI. It is worth to stress that appreciable changes in signal intensity are subjected to signal intensity of the surrounding tissue: therefore, widespread retention in the brain or the presence of species that lack relaxivity properties might lead to undetectable visual changes, even quantitatively. Furthermore, the visual limit of detection of gadolinium species in the brain is unknown, as much as, thus, the correlation among signal intensity and concentration. The lack of T1-shortening and associated signal enhancement is insufficient to exclude the presence of residual gadolinium. This might be a crucial point for clinical outputs and implications. Visibility of gadolinium is intrinsically dependent not just on its speciation, but also on the compartment where it is stored [30] . GBCAs are paramagnetic metal complexes as water proton relaxation agents for nuclear magnetic resonance imaging: gadolinium is 'MR invisible' and becomes indirectly 'MR visible' only under specific physicochemical conditions where its relaxation-enhancement properties are sufficiently preserved [30 ,31] . This makes the challenge for its in vivo detection in human brain even more tricky, and pushes us to better consider the indirect signs of its presence, disclosed by symptoms, and a careful analysis of patient's history. At time of diagnosis, FM was considered completely independent from the brain cancer, but new awareness of the issue of gadolinium deposition built a new indirect link through the diagnostic procedures and a clear role, at least for this case, for gadolinium deposition following GBCA administrations. The interference of the Gd(III) ion and its pharmaceutical chelates into several biochemical pathways might be able to explain FM symptoms as a consequence of impairment and alterations at the cellular, intracellular, and systemic levels [32] . It affects calcium currents and the functionality of calcium channels [33] [34] [35] [36] , so altering the numerous stimulus-coupled cellular responses that rely on calcium influx [37] ; calcium-and magnesium-requiring enzymes, such as Ca 2 + , Mg 2 + -adenosine triphosphatase (ATPase) of sarcoplasmic reticulum [38] ; neurotransmitters such as serotonin, noradrenaline, and dopamine by the inhibition of their transporter (respectively SERT, NAT, and DAT) [39] ; endogenous metal cations following transmetallation, particularly zinc in blood [40] , being this metal a strong competitor of gadolinium chelators; and mitochondria [41] [42] [43] . Recently, a toxic effect of GBCAs on neurons in vitro affecting mitochondrial respiratory function has been further demonstrated [44] . The impact of gadolinium on mitochondria might be of particular relevance to explain persistent fatigue, weak resistance, and reduced physical performances.
Starting from this case, our thesis is that fibromyalgia might be one of the clinical manifestations of gadolinium toxicity in the humans. Nevertheless, the relationship is not bijective: gadolinium deposition can cause fibromyalgia, but fibromyalgia could be the clinical manifestation of toxicity of other metals. Indeed: it is a matter of fact that there are FM patients that never met GBCAs in their clinical history; and it is already known from past clinical studies that fibromyalgia can be caused by exogenous metals other than gadolinium [45] . Among others, Stejskal and colleagues [46 ,47] measured high levels of several toxic metals and toxic levels of physiological ones in a cohort of fibromyalgia patients. They advocated metal-induced inflammation the primary origin of the symptoms. They reported symptoms resolution in a number of (but not all) patients after the removal of the hypothesized sources of metal-induced toxicity (not lanthanides). Nevertheless, despite this evidence, up to date the relevance of metal toxicity in the fibromyalgia disease is neglected among rheumatology experts [27] .
Gadolinium deposition associated to linear agents is to date widely recognized and the suspension of marketing authorization in Europe for most of the agents belonging to this category [7] confirms the legitimacy of concerns for the clinical relevance of the deposition. It is now clear that the stability of the gadolinium-ligand complex plays a crucial role, and that gadolinium deposition is not a peculiarity of linear agents [16] . Our case might be relevant for its involvement of a macrocyclic agent. Millions of magnetic resonance studies are annually performed, and a relevant percent of them are contrast-enhanced [48] ; moreover, GBCAs have been used as alternative contrast agents for other diagnostic examinations [1] . The issue of gadolinium deposition might be more relevant and widespread than expected. Also, it might be unrecognised in the clinical setting when lacking specific investigations that allow lanthanide detection and when co-occurrence of primary diseases might mask the role of gadolinium in triggering or contributing to the symptoms. The patients might be often mistakenly believed to show complaint of their major disease and symptoms associated with gadolinium retention are unrecognized. In 2018, Fitzgerald and colleagues [49] published the results of a study querying radiologists' practices regarding gadolinium deposition (data collected from NovemberDecember 2015). Among a total of 94 responder radiologists from 30 countries, more than 60% had observed brain gadolinium deposition on brain studies, but more than half of them did not include this finding in the radiological report. This choice has been mainly explained by the "fear of provoking patient/clinician anxiety and incomplete understanding of the implications of gadolinium deposition". Unfortunately, this might have led to underestimate the incidence of gadolinium deposition in the brain parenchima.
Addressing the causes of a disease is the most promising avenue to its cure and prevention. Gadolinium deposition is clearly linked to GBCA administration. Thus, we have the duty to prevent its occurrence and strongly balance the riskbenefits ratio of GBCA administration, particularly when repeated. Actions should be implemented to make aware of this issue not only radiologists, but any physician prescribing diagnostic exams involving the administration of GBCAs, and patients with proper informed consent. Last but not least, when benefit for diagnostic purpose appears much more valuable than the risk for deposition, pre-administration of compounds possibly useful to prevent deposits appears a more promising approach than attempting a subsequent gadolinium removal (particularly concerning the bone), as initially shown in a preclinical study on mice by Rees and colleagues [50] .
Conclusion
That gadolinium is highly toxic for mammals is not a novelty and that gadolinium deposition can occur in vivo is a reality. Biochemistry of gadolinium can explain the heterogeneity and systemic nature of the symptoms associated with its deposition in humans. GBCAs are routinely administered in a clinical context, where pathophysiological ongoing processes exist (and often co-occurrent drug intake). It is thus possible that the patients are mistakenly believed to show complaint of their major disease. Conversely, some of their symptoms are unrecognized symptoms associated with gadolinium deposition. At the same time, these symptoms match with FM symptoms and dysfunctions. The etiology of FM is still unknown: gadolinium might be one of the mysterious sources of the symptoms in a number of FM patients. Gadolinium deposition in humans might have its primary long-term clinical manifestation as FM. This point may have implications regarding patient outcomes and therapies.
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